Temporal correlates of the brain circuit underlying reward processing in healthy adults remain unclear. The current study investigated the P3 and contingent negative variation (CNV) as putative reward-related temporal markers. The effect of sustained monetary reward on these eventrelated potentials and on behavior was assessed using a warned reaction-time paradigm in 16 young healthy subjects. Monetary reward (0, 1 and 45 cents) varied across blocks of trials. While the CNV was unaffected by money, P3 amplitude was significantly larger for 45 than the 1 and 0 cent conditions. This effect corresponded to the monotonically positive subjective ratings of interest and excitement on the task (45 > 1 > 0). These findings suggest a difference between the P3 and CNV; the P3 is sensitive to the sustained effect of relative reward value, while the CNV does not vary with reward magnitude.
Introduction
Reward processing is complex and involves the contribution from multiple interacting brain regions. Numerous functional neuroimaging studies in humans have helped to spatially define this neural mesocorticolimbic dopaminergic reward circuitry that encompasses the ventromedial prefrontal cortex, orbitofrontal cortex, anterior cingulate, nucleus accumbens, midbrain (e.g., substantia nigra and ventral tegmentum), amygdala and the hippocampus (for review, see Goldstein and Volkow, 2002; Kelley and Berridge, 2002) . Further, neuroimaging studies have contributed to the functional dissociation of these regions based on their specific roles in reward processing (e.g., expectancy and probability, outcome and magnitude, valence) (Breiter et al., 2001; Elliott et al., 2000; Knutson et al., 2005) . However, current functional neuroimaging studies lack the temporal resolution to provide the precise chronological delineation of such reward-related activity. This can be attained through the use of event-related potentials (ERPs) . Surprisingly, relatively few studies have employed ERPs to investigate intact reward processing; therefore, its temporal correlates remain to be determined.
One well-studied ERP component that seems to play a role in reward processing is the P3 (or P300), a positive wave usually peaking between 300 and 600 ms post-stimulus with largest amplitude at centroparietal scalp sites (Sutton et al., 1965) . The major factors affecting P3 amplitude include stimulus probability and task relevance (Squires et al., 1977) . Stimuli with high emotional value, informative feedback stimuli and target stimuli also elicit larger P3s than stimuli that do not have these properties (Johnson, 1988; Picton, 1992; Pritchard, 1981) . We therefore expected the P3 to be elicited by a monetary feedback manipulation; indeed, the P3's involvement in monetary reward, and specifically in marking reward's magnitude, has been previously documented (Begleiter et al., 1983; Homberg et al., 1981; Otten et al., 1995; Ramsey and Finn, 1997; Yeung and Sanfey, 2004) . For example, Ramsey and Finn (1997) visual discrimination task where subjects were instructed to respond to target stimuli in a neutral condition (no monetary incentive) vs. an incentive condition (monetary gain of 50 cents for correct responses and loss of 50 cents for incorrect responses). Greater amplitude and shorter latency of the P3 was reported in the incentive condition as compared to the neutral condition. In a recent study, Yeung and Sanfey (2004) revealed a double dissociation between the P3 and feedback negativity (a negative component occurring 200 to 300 ms after a feedback stimulus) such that reward magnitude (small: 6-11 cents vs. large: 32-40 cents) was reflected by the P3, but not by feedback negativity, and reward valence (win or loss) was reflected by feedback negativity only. Unlike most previous studies, the current investigation was designed to induce sustained anticipation of graded monetary reward. This design allowed for comparisons between different amounts of money, which could highlight the role of the P3 in processing of relative reward and not only in processing reward's absolute value (i.e., reward vs. no reward). We were interested in inspecting sustained (blocked) and not eventrelated (rapidly alternating) anticipation of reward, because of our interest in the examination of relative reward processing in a real-world context, where emotional/motivational information is more likely to occur in a sustained fashion over several minutes, rather than alternating rapidly with information of a different emotional tenor (Compton et al., 2003) . Our interest in sustained reward was further guided by the prospect of future studies utilizing functional magnetic resonance imaging (fMRI), where signal-to-noise ratio is higher in blocked vs. event-related designs (for a direct comparison, see Mechelli et al., 2003) , a concern that is particularly relevant in studies of clinical populations (e.g., with a psychopathology that affects reward processing such as drug addiction).
While there have been several studies investigating the role of P3 in reward processing, less attention has been directed to the CNV (contingent negative variation), a slow component typically elicited in Go/No-go paradigms and associated with expectancy in the human brain (Walter et al., 1964) . In warned S1-S2 Go/No-go paradigms, the CNV develops early in response to the warning stimulus (S1), having a frontal distribution (the orienting, "O", wave); its latter part develops immediately preceding the target stimulus (S2), having a centroparietal distribution (late expectancy, "E", wave). We were particularly interested in this later CNV component, which is anticipatory in nature, further related to motor response preparation or the readiness potential of the motor potential complex (Rohrbaugh et al., 1986) and to motivation (Cant and Bickford, 1967) .
However, although preparation to and anticipation of reward are core mechanisms in reward processing (Knutson et al., 2001; Volkow et al., 2003) , this slow ERP component has not been frequently targeted in the study of reward processing and conflicting results abound to date. Thus, while some studies point to a role of the CNV in reward processing (Boyd et al., 1979; Pierson et al., 1987) , other studies suggest otherwise (Lumsden et al., 1986; Sobotka et al., 1992) . For example, Pierson et al. (1987) conditioned subjects to associate one tone with monetary gain (reward) and another tone with loss of money (punishment); a third tone was not associated with reward or punishment (neutral stimulus). Following the conditioning phase, they found that CNV amplitude differed between rewarding conditioned stimuli and neutral or punishing conditioned stimuli. Other evidence supporting the relationship between the CNV and reward derives from animal literature; Boyd et al. (1979) examined the CNV in the squirrel monkey and found that it varied as a function of reward (but not consistently in the same direction across all animals). Conversely, Sobotka et al. (1992) manipulated reward and punishment contingencies such that subjects were instructed whether they could potentially win or lose money (25¢) on each trial. To win money (on reward trials) or avoid losing money (on punishment trials), subjects had to press or release a button faster than a specified response time, while responding slower resulted in either no monetary gain or loss of money, respectively. While the CNV was larger for trials on which subjects had faster response times, it did not vary with reward or punishment.
The purpose of the current study was to investigate cognitive ERPs, especially the P3 and CNV, evoked by warning (S1) and target (S2) stimuli in a Go/No-go paradigm and their modulation by magnitude of sustained monetary reward (high, low and none as baseline) in the intact brain. Event-related potential variations were interpreted in conjunction with behavioral measures (including reaction time, accuracy and self-reported interest and excitement ratings) in 16 healthy young subjects. While we hypothesized the P3 to be modulated by reward magnitude (high > low > none), our analyses of the CNV were more exploratory in nature.
Materials and methods

Participants
Subjects were 16 college students (age: M = 21.56, S.D. = 1.9; education: M = 14.9, S.D. = 2.05; sex: 56% female; race: 56% Caucasian; handedness: 88% right) free of neurological disorder by self-report. Subjects were given a basic monetary fee ($5) for participating and the opportunity to earn additional money ($20) based on the ERP task performance. All procedures were undertaken in accordance with the Stony Brook University Committee on Research Involving Human Subjects (Institutional Review Board).
Task
A blocked design (sustained activation) was selected over an event-related paradigm (rapid alternation) as most appropriate for examining the continuous electrophysiological activation induced by predictable and constant monetary reward. Prior behavioral studies have demonstrated that emotional/motivational stimuli become more potent when they are grouped together into blocks, rather than when they are intermixed with neutral trials (Holle et al., 1997; see also Compton et al., 2000; Dalgleish, 1995) .
The overall design included three sequences/blocks each consisting of three monetary reward conditions: 0¢, 1¢, 45¢ (Fig. 1 , top and middle); each condition was comprised of 12 "Go" or "No-go" trials ( Fig. 1, bottom) . The monetary conditions were pseudo-randomized and separated by a 30 s fixation period. At each experimental condition onset, a screen displaying the monetary reward condition (0¢, 1¢, 45¢) was presented (visual angle equal to 8.64°) for 5000 ms (this screen, which preceded each experimental condition, is not depicted in Fig. 1 ). The "Go" and "No-go" stimuli (total of 108) were pseudo-randomized across all trials (six of each within a block, no more than three of same type). The task was the same for all subjects. Stimuli presented during a brief training session were the same as those presented during the experimental conditions. Two distinct abstract (fractal) images ("image 1" and "image 2"; adapted from Thut et al., 1997) served as the "Go" and "Nogo" warning stimuli (S1) (Fig. 1 , S1 slide). The designation of the images as "Go" or "No-go" was counterbalanced across subjects such that the first eight subjects received image 1 as the "Go" stimulus and the other eight subjects received image 2 as the "No-Go" stimulus. The two stimuli (visual angle equal to 15.97°) were of 500 ms in duration, following a blank screen for 1000 ms. A target stimulus (S2) in the form of a red square (visual angle equal to 15.97°) was also of 500 ms duration, following another blank screen for 1000 ms, which allowed for a very long preparation time before response was due. This long preparation time allowed for the creation of the full CNV (slow) component and was used also to minimize errors for later studies comparing healthy individuals to subjects with cognitive impairments (Goldstein et al., in press) . A response window of 500 ms overlapped with the full presentation of S2. A fixation point remained in the center of the screen for the duration of each 3500 ms trial. All text was in a ROM 2 font.
The subject was instructed to press a button (using the index finger of the dominant hand) on a response pad with speed and accuracy upon seeing S2 after a "Go" stimulus and to not press the button upon seeing S2 after a "No-go" stimulus. Incorrect responses were trials where subjects pressed the button instead of refraining from responding (errors of commission); incorrect nonresponses were trials where subjects did not press the button instead of pressing it (errors of omission). Feedback (the amount of money earned for correct responses/non-responses was: $0.00, $0.01, $0.45; for incorrect responses/non-responses: $0.00) was presented (visual angle equal to 3.75°) immediately after the offset of S2 for 500 ms. Thus, subjects were aware of the reward contingencies at the start of each block and after every trial.
Number of repetitions and overall block length was determined based on the prospective fMRI studies (ideal block length in fMRI is 20-40 s) and pilot runs indicating this was optimal also for subjects' sustained engagement in the task. Because our goal was to examine responses to the receipt of real money, the selection of number of trials was further guided by the monetary amount available to pay each volunteer ($20) . Within this range, we chose the reward conditions that would allow the largest difference between the highest and lowest rewards and that would also incorporate a baseline non-reward condition ($0.00). We further chose the comparison of the $0.01 and $0.00 conditions because we were specifically interested in assessing the behavioral and brain sensitivity to very small levels of reward (indeed to the smallest monetary amount available).
Experimental procedure
Participants were fitted with electrodes and positioned in a reclining chair in a sound-attenuating room. An LCD panel was placed 61 cm from the subject's face. Instructions were Fig. 1 . Experimental paradigm for the monetary incentive task. Overall design and experimental conditions are depicted at the top; at each condition onset (conditions were separated by 30 s), a 5 s screen (not depicted) displayed the monetary reward (0¢, 1¢, 45¢). Together with the feedback delivered at the end of each trial, this 5 s screen (similar in appearance to the feedback screen) guaranteed the subjects were continuously aware of the reward contingencies. Inst. is Instruction. Resp. is Response.
provided followed by a short training session, where no money could be earned. At the end of the experiment, subjects were told how much money they earned and were mailed a check for that amount plus the basic fee for participating.
Electrophysiological recording
Continuous recordings of the electroencephalogram (EEG, Neuroscan Inc., Sterling, USA) and electrooculogram (EOG) were obtained in all experimental conditions. Participants were fitted with a cap containing 64 silver-silver chloride electrodes, positioned according to a modified version of the international 10/20 system (American Electroencephalographic Society, 1991). All recordings were performed using a frontocentral electrode as ground, and electronically linked mastoid electrodes as reference. Electrodes were placed above and below the left eye to record vertical eye movements. The EEG was digitized at a rate of 500 Hz and amplified with a gain of 250 and a bandpass of 0 to 70 Hz. The amplifiers were calibrated prior to each recording. Electrode impedances were at or below 10 kΩ for all electrodes used in the analysis.
Behavioral measures
Reaction time and number of errors were recorded during all task trials and conditions. Upon completion of the task, participants were asked to rate their level of interest (scale 1, ranged 0: boring to 7: interesting) and excitement (scale 2, ranged 0: dull to 7: exciting) for each of the monetary conditions they completed.
Analysis
Event-related potentials
The digitized, continuous EEG was transformed using a DC offset algorithm and was divided into epochs extending from 200 ms before the onset of S1 to 2000 ms after . A linear detrend algorithm was applied to the epoched EEG and, after baseline correction, epochs were inspected and those containing amplitudes greater than 75 μV or less than −75 μV were rejected to eliminate EOG and movement artifacts. After rejections, there was a minimum of 10 epochs per averaged waveform. Separate averages were composed (across sequences) for "Go" and "No-go" stimuli separately for the three money conditions (0¢, 1¢ and 45¢) for a total of six waveforms per subject. Grand average waveforms, across subjects, were composed for display purposes.
Five ERP components were identified (ordered by temporal appearance): N1 and P2 to the warning stimulus, P3 to the warning stimulus (P3-W), and CNV and P3 to the target stimulus (P3-T). Two time windows were selected for statistical analysis of the CNV: window 1 (600 to 800 ms after the onset of S1) and window 2 (1300 to 1500 ms after the onset of S1). Window 1 contained the early portion of the CNV (CNV1 or the "O" wave), while window 2 contained the late portion of the CNV (CNV2 or the "E" wave). The mean amplitude was calculated for each time window. The peak amplitudes and latencies of the N1 (within the interval of 50 and 150 ms), P2 (within the interval of 150 and 250 ms), P3-W (within the interval of 250 to 450 ms) and P3-T (within the interval of 1798-1998 ms) components were measured also for all conditions. All grand averages were visually inspected and their scalp distributions evaluated for consistency with the literature. Then, an automated peak detection option in Neuroscan selected the largest peak for each component. To statistically analyze the scalp distribution of the amplitudes of these components, a 3 × 3 array of nine electrodes was selected: FC3, FCZ, FC4, CP3, CPZ, CP4, PO3, POZ and P04.
For each amplitude dependent measure (a total of six), a repeated-measures 2 × 3 × 3 × 3 ANOVA was conducted: trial (Go, No-go), money (0¢, 1¢, 45¢), ACP (anteroposterior scalp location: anterior, central, posterior) and LCR (lateral scalp location: left, central, right). For each of the latency dependent measures (a total of four: using the CPZ derivation for P3 and the FCZ derivation for N1 and P2 because the respective peak amplitudes were prominent at these sites), a repeated-measures 2 × 3 ANOVA was conducted: trial (Go, No-go) and money (0¢, 1¢, 45¢). To examine whether the first eight subjects (for whom image 1 served as the "Go" image) differed from second eight subjects (for whom image 2 served as the "Go" image), each of these ANOVAs was repeated with Image (image 1, image 2) as a between-subjects factor.
In cases where the assumption of sphericity was not met (as tested by Mauchly's Test of Sphericity), the GreenhouseGeisser correction was applied. Contrasts were used to examine simple main and interaction effects. Significant effects were followed with LSD (least significant difference) tests or with multiple, paired t-tests employing the Bonferroni correction in cases where sphericity was violated (Stevens, 1992 ).
Behavior: reaction time, number of errors, post-task rating scales
Reaction time (ms) and number of errors were averaged across all subjects for each run (block) and each monetary condition. They were analyzed using a repeated-measures 3 × 3 ANOVA: money (0¢, 1¢, 45¢) and run (1, 2, 3). The subjective ratings of the post-task scale were analyzed using a repeated-measures 3 × 2 ANOVA: money (0¢, 1¢, 45¢) and scale (interest, excitement). Significant effects were then followed by paired samples t-tests.
To protect against Type I error, a significance level of 0.01 was used for all behavior and ERP analyses.
Results
Event-related potentials
The image serving as the "Go" image, which differed between the first and second eight subjects, did not significantly affect the ERP results and was therefore removed from all further analyses.
Component latency
There were no significant differences in latency for the N1, P2, P3-W and P3-T components as a function of trial or money.
Peak amplitudes
N1
There was a significant main effect of ACP, F(1.29,19.3) = 10.76, p < 0.01 (partial eta squared = 0.42). Pairwise comparisons showed significantly smaller peak amplitudes at the posterior than anterior (p = 0.003) or central (p = 0.004) sites. There were no other significant main effects or interactions.
P2
There was a significant main effect of ACP, F(1.19,17.80) = 10.77, p < 0.01 (partial eta squared = 0.42). Pairwise comparisons showed significantly smaller peak amplitudes at the posterior than anterior (p = 0.006) or central (p = 0.0001) sites. There were no other significant main effects or interactions.
3.3.3. P3 (Fig. 2) A main effect of money was significant for the P3-W, F (2,30) = 10.08, p < 0.0001 (partial eta squared = 0.40). The P3-W was significantly larger in amplitude in the 45¢ condition than the 0¢ and 1¢ conditions (p = 0.002 for both), while the difference between the 0¢ and 1¢ conditions did not reach significance (p = 0.12). Note that the comparison of these waveforms was undertaken at the latency of the highest peak in the 45¢ condition, and at this latency, the difference between the 45¢ and 1¢ conditions (1.563) was indeed greater than the difference between the 0¢ and 1¢ conditions (1.003). There were no other significant main or interaction effects for the P3-W.
For the P3-T, the main effect of money approached significance, F(2,14) = 5.08, p = 0.02 (partial eta squared = 0.42). Further, nominal significance level (p = 0.01) was established for the main effects of trial, F(1,15) = 26.00, p < 0.0001 (partial eta squared = 0.63), ACP, F(1.15,17.21) = 7.83, p = 0.01 (partial eta squared = 0.34), and for their interaction, F(1.3,19.55) = 13.50, p = 0.001 (partial eta squared = 0.47). Larger differences were found between Go and No-go stimuli at the anterior as compared to the central (p = 0.001) or posterior (p = 0.001) sites. However, the overall peak amplitude was significantly larger over the central than posterior sites (p < 0.0001), which suggests a similar scalp distribution as P3-W.
CNV mean amplitude
There was no main effect of money or ACP for the early or late portions of the CNV. For CNV1, although main effect of Trial was not significant, there was a two-way interaction between trial and ACP, F(1.31,19.58) = 8.52, p < 0.01 (partial eta squared = 0.36) such that there were larger amplitudes to Go than No-go stimuli, and this difference was more prominent at anterior than central (p < 0.0001) or posterior (p = 0.01) sites. There was a main effect of Trial for CNV2, which was larger to Go than No-go stimuli, F (1,15) = 21.92, p < 0.0001 (partial eta squared = 0.59).
Behavior
Reaction time and number of errors
There were no significant main or interaction effects of money or run for both reaction time and the number of errors, indicating that performance on the task was equivalent across all task conditions and blocks and differences in ERP measures could not be accounted for by task difficulty (Table 1 ). The image serving as the "Go" image did not significantly affect the behavioral results.
Post-task rating scale
There was a significant main effect of money on the posttask rating scale, F(1.11,16.71) = 16.39, p < 0.01 (partial eta squared = 0.52), such that participants' interest and excitement ratings were highest for the 45¢ condition and lowest for the 0¢ condition (Table 1 and Fig. 3) . The ratings for the 1¢ condition were significantly different from both the 45¢ (p = 0.001) and 0¢ (p = 0.003) conditions (Table 1) .
Discussion
The purpose of this study was to investigate the relationship between behavior, cognitive ERPs and reward processing in young healthy adults. As predicted, the amplitude of the P3 component to S1 showed a graded response to monetary reward, such that it was highest for the larger reward and lowest to the lowest reward (Fig. 2) . This P3 effect was accompanied by differential subjective responses such that interest and excitement ratings were highest for the 45¢ condition and lowest for the 0¢ condition (45¢ > 1¢ > 0¢) (Fig. 3) . In contrast, the CNV amplitude did not vary with monetary reward.
Sensitivity of the P3 amplitude to reward magnitude is consistent with previous reports (Begleiter et al., 1983; Homberg et al., 1981; Otten et al., 1995; Ramsey and Finn, 1997; Yeung and Sanfey, 2004) . However, the precise mechanism underlying this effect is not yet well understood. The P3 has been associated with motivation (Carrillo-de-laPena and Cadaveira, 2000) , attention (Squires and Ollo, 1999) and arousal (Polich and Kok, 1995) , which are in turn associated with reward processing in healthy individuals (Ressler, 2004) . Similarly, patients with major depressive disorder (Bruder et al., 1995) , schizophrenia (Javitt et al., 1995) , alcoholism (Porjesz et al., 1987) or family history of alcoholism (Ramsey and Finn, 1997) , disorders affecting reward processing but also motivation, attention and arousal, show decreased P3 amplitude to cognitive and emotional targets. Note that although interrelated, reward processing, motivation, attention and arousal may represent distinct neuronal processes.
Because we did not include autonomic measures in the current study, our results cannot elucidate the relationships between arousal and the P3. Regarding attention, it is unlikely that large fluctuations accompanied the three reward conditions because there were no significant monetary differences in task performance (speed or accuracy). Although this null result may have been influenced by statistical power (and increasing trial or sample size may have revealed higher speed or accuracy as a function of larger monetary reward), our current results point to the role of motivation as a possible modulating factor in the P3's role in reward processing, as reflected by the graded ratings on the subjective interest and excitement scales (45¢ > 1¢ > 0¢) (Fig. 3) . Note that, although a parallel graded response was visually discernible in the P3 waveforms (Fig. 2) , it was not statistically significant (45¢ > 1¢ = 0¢), possibly due to low statistical power or the restricted distinctiveness between the low and no reward conditions (see Comerchero and Polich, 1998; Katayama and Polich, 1998 for a positive relationship between P3 amplitude and stimulus distinctiveness). To overcome this limitation, future studies could compare additional or more disparate reward conditions (e.g., $2 vs. $1 vs. 10¢).
Future studies may investigate other target components that could also be specific to reward. For example, the error-or feedback-related negativity, which is elicited by error commission and presentation of feedback stimuli indicating incorrect performance, has recently been shown to be associated with the value of outcome (Hajcak et al., 2006; Holroyd et al., 2004) . This component was not pertinent in the current investigation where error rate was minimal (mean < 1 per condition) and outcome prediction was maximal. Indeed, our a priori goal was to study processing of reward that is predictable and we therefore used a blocked and not an event-related design. Such guaranteed response-reward association may have elicited a distinct type of reward motivation different than motivation elicited by conditions in which the outcome is more uncertain. This distinction possibly exemplifies the differences between consummatory vs. anticipatory reward processing, respectively, which differ in their neural representations (Knutson et al., 2001; Bjork et al., 2004) . Because the monetary main effect was observed for the P3-W (which may be considered anticipatory) and it also approached significance for the P3-T (which may be considered consummatory), the exact motivational processes elicited by the current task remain to be delineated, possibly with a task that directly contrasts these different reward mechanisms.
In the current study, trial type affected the CNV (Go > Nogo), as possibly related to differences between the behavioral activation (Go) and inhibition (No-go) systems (see Jeffrey Gray's BIS/BAS systems- Fowles, 1994) . However, CNV amplitude did not vary with monetary reward. This finding is in agreement with another study that utilized a similar S1-S2 reward task (Sobotka et al., 1992) . It is possible that individual variables, particularly those related to approach behavior, may have influenced these results. For example, in comparison to neutral stimuli, reward-associated stimuli elicited larger CNV amplitude in hedonic individuals as compared to anhedonic individuals (Pierson et al., 1987) suggesting that the trait ability to experience pleasure or positive emotionality may modulate the CNV's response to reward and reward-conditioned stimuli. It is also possible that factors related to the task design have influenced these null findings; it would thus be of particular interest to inspect the late CNV waveform in a task that delivers reward in an event-related (i.e., unexpected) rather than a blocked (i.e., predictable) fashion.
Limitations of this study include the assessment of subjects' levels of interest and excitement at the end of the testing (i.e., retrospective assessments) and not at the end of each reward condition, possibly increasing the effect of demand characteristics on this assessment and predisposing it to other extraneous influences (e.g., expectancy, working memory). Future studies need to replicate these results using "online" assessments that may better reflect the actual emotions experienced during the experiment. Further, we did not perform both a blocked and an event-related task within the same subjects; this important comparison awaits future studies.
In summary, we showed a difference between the P3 and CNV ERP components with regard to reward processing in healthy young individuals. While P3 amplitude was sensitive to graded sustained monetary reward, the early and late CNV components were not. These results present the next challenge of studying clinical populations with known reward processing deficits (e.g., drug addicted individuals) and of synchronizing the temporal (ERP) with the anatomical (e.g., functional neuroimaging) aspects of human neural processing of reward.
